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ABSTRACT 
 
GPS is now widely accepted as a reliable, available and accurate source of 
positioning, able to operate across the globe. However, it generally requires 
at least four satellites to be in view of the receiver, in order to resolve the 
three  co-ordinates  of  the  receiver,  and  the  local  receiver  time  offset.  In 
indoor environments or urban canyons, this requirement can often not be 
achieved, as walls or tall buildings block the signals emitted by the satellites. 
Developing  alternative  positioning  systems  in  such  environments  has 
attracted a lot of research in the past few years. In this context, Wi-Fi based 
positioning systems have emerged as being accurate enough for most users 
and most importantly because they don’t require any additional hardware or 
infrastructure.  However,  such  systems  fail  to  reach  the  same  level  of 
accuracy as GPS. The ultimate goal of ubiquitous positioning would be to 
combine  these  two  technologies  so  that  an  accurate  position  can  be 
delivered,  even  in  poor  GPS  environments.  This  paper  will  examine  a 
method  to  combine  a  Wi-Fi  obtained  position  with  the  output  of  a  two 
satellite  positioning  algorithm  developed  at  the  University  of  New  South 
Wales. It will first explore the performances that can be expected from both 
systems, and then show that better results are obtained when combining 
both.  Tests  were  conducted  using  data  collected  from  the  CBD  area  of 
Sydney and a rooftop mounted GPS antenna in UNSW.  
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1. INTRODUCTION 
 
These  last  few  years,  the  demand  for  Location  Based  Services  (LBS)  has  grown 
exponentially, especially given the rapid expansion of the smart phone market. Phones such 
as Apple iPhone, or HTC Dream, are now small terminals which often embed GPS and Wi-Fi 
chips, in addition to their basic phone capabilities. Nowadays, the most important source of 
location information is the Global Positioning System (GPS). However, it is well known that 
GPS doesn’t perform well in areas such as indoors or in urban canyons, where tall buildings 
block the satellites signals. It is especially in these types of areas that the demand is growing 
the fastest. 
 
To answer this growing demand, and given the massive utilization of Wi-Fi signals for other 
purposes, Wi-Fi positioning technology has attracted much attention from both researchers 
and private companies, first because the user doesn’t need any specialized hardware as most 
of the mobile devices are equipped with a Wi-Fi chip. Second, there is no need to deploy an 
extra  dedicated  network  as  radio  signals  from  at  least  a  few  access  points  (APs)  can  be 
detected in the majority of areas of interest, due to the proliferation of wireless networks. 
Finally, the accuracy that can be achieved when using Wi-Fi positioning technology is usually 
good enough to answer the needs of most users. 
 
However, such systems fail to reach the same level of accuracy as GPS. The ultimate goal of 
ubiquitous  positioning  would  be  to  combine  these  two  technologies,  so  that  an  accurate 
position can be delivered in any type of environment. In this context, this paper investigates a 
new method of combining the output of a positioning algorithm developed at UNSW, which 
uses only two satellite signals, and the output of a Wi-Fi positioning system. 
 
The GPS algorithm, written by Yong Khing Tan, is described in (Tan et al., 2008). It uses the 
difference of the pseudorange between two satellites to yield a hyperboloid of two sheets with 
the position of the satellites as the foci. This hyperboloid is then intersected with the earth 
spheroid to produce a line on which the receiver theoretically is. 
 
The  Wi-Fi  positioning  system  used  is  a  commercially  available  system  named  Skyhook 
Wireless Positioning System. A description of the system and extensive tests of it can be 
found in (Gallagher et al., 2009). This system was chosen because it is actually the most used 
Wi-Fi positioning system. It is also very easy to use, and very reliable. It uses the technique of 
fingerprinting. This technique first requires the building of a database of signal strengths from 
different access points at some reference points in the desired positioning area. The location 
of  the  user  is  then  obtained  by  measuring  the  signal  strengths  at  the  user  location,  and 
comparing it with the different elements of the database (Ladd et al., 2002) (Li et al., 2005).  
 
The paper is divided in 3 sections: the first one details the performances that can be expected 
when  using  the  GPS  positioning  algorithm,  the  second  presents  the  testings  of  Skyhook 
Wireless  Positioning  Systems  in  urban  canyon  environments.  Finally,  the  method  of 
combining these two lasts is presented and tested. Section 5 then concludes the paper and 
makes some suggestions about future work. 
 
 
 
 
  
 
 
2. TRIALS FOR A TWO SATELLITES ONLY POSITIONING ALGORITHM 
 
2.1 Methodology 
 
The data used to test this algorithm is GPS data collected in the RINEX format (Gurtner, 
1994). The testings were made in two locations. The first one is a rooftop mounted antenna 
located above the northern pillar of the Electrical Engineering building in UNSW. The second 
one is the downtown area of Sydney. Ten test points were chosen in various areas. These test 
points have been surveyed by the Department of Lands, and their position is known with a 
maximum error of 1 meter, the accuracy being more often of the centimetre level. The RINEX 
data for the UNSW located antenna was collected every 30 seconds, for a 24 hours period. In 
the CBD area, the observations were made every second, for a period of 100 seconds at each 
test points. 
 
As  for  the  equipment  used,  the  GPS  antenna  mounted  on  the  roof  of  the  Electrical 
Engineering building is a Leica AT504 radome (LEIAT504 LEIS). The GPS receiver is a 
Leica MC500, controlled by Leica GPS Spider software. In the CBD area, the unit used was a 
NovAtel OEM4, connected to a laptop. 
 
Before being processed for location estimation, the RINEX pseudorange data was corrected 
for relativity effects, satellite clock drifts as well as ionosphere and troposphere group delay. 
 
At each epoch, the experiment tested all satellite pairs available to create the tangent line. The 
criterion used was the closest distance between the line and the user. 
 
 
2.2 Results 
 
2.2.1 University of New South Wales rooftop antenna 
 
Figure  1  shows  the  graph  of  the  shortest  distance  between  the  hyperbolic-spheroid 
intersection line versus the angle between the two satellites used to create the line. The data 
was collected on the 14
th of July 2009, for a period of 24 hours, observations being recorded 
every 30 seconds. As the antenna is mounted on the roof, it has a clear view of the sky, and is 
considered as being very little impacted by multipath. Thus, the results obtained here are 
considered to be the near-optimum results. 
 
As you can see, the distance error decreases as the separation angle between the two satellites 
increases.  This  behaviour  is  similar  to  the  normal  operation  mode  of  GPS,  where  the 
geometry of the constellation has a strong impact on the performances that can be expected. 
This  behaviour  is  confirmed  by  Figure  2,  which  shows  the  mean  of  the  distance  error 
compared to the separation angle. 
 
Finally, Table 1 gives probability values for different distance errors. 
 
As you can see, the system achieves a high 92% for an accuracy of within 15 meters. As we 
will expose later, this level of accuracy is a lot better that what can be expected when using 
Skyhook Wireless Positioning System. The next part of this paper will expose the testings of 
the algorithm made in the CBD area of Sydney. 
  
 
 
 
 
Figure 1. Distance error vs. separation angle for UNSW rooftop antenna 
 
 
 
 
Figure 2. Average error compared to angle of separation for UNSW rooftop antenna 
 
 
Distance error (m)  5  10  15  35 
Probability (%)  56 %  83%  92 %  99 % 
 
Table 1. Distance error to probability for UNSW rooftop antenna 
 
 
 
  
 
 
2.2.2 Sydney downtown area 
 
The data used is in this part was collected on the 8
th and 9
th of April 2009. Ten tests points 
were chosen in different parts of the CBD area of Sydney. Figure 3 shows where the test 
points are located and Table 2 shows the probability values for different given distance errors.  
 
 
 
Figure 3. Location of the test points in the CBD of Sydney 
 
  10 m  30 m  60 m  120 m 
PM 40209  4.08 %  53.47 %  79.59 %  92.24 % 
PM 77469  0 %  0 %  100 %  100 % 
PM 147017  0.71 %  12.14 %  78.57 %  80.71 % 
PM 147019  60.43 %  86.67 %  86.67 %  95.60 % 
PM 147477  40.38 %  99.05 %  100 %  100 % 
PM 147479  13.66 %  53.54 %  83.29 %  100 % 
PM 150124  21.66 %  51.50 %  76.16 %  98.50 % 
PM 147009  13.25 %  84.14 %  91.77 %  95.78 % 
PM 150399  41.41 %  74.95 %  98.88 %  100 % 
PM 147489  46.54 %  87.29 %  96.45 %  99.44 % 
GLOBAL  24.21 %  60.28 %  89.14 %  96.23 % 
 
Table 2. Distance error to probability for CBD area testings 
  
 
 
As expected, the performances have degraded when compared to the rooftop test. That was 
predictable as the signals suffer from a lot more multipath due to the buildings in the CBD 
area. Moreover, as the buildings block the view of the sky, it is more likely that the satellites 
used are low on the horizon. However, the results are still satisfying and we will see that they 
can be used to improve the Wi-Fi position most of the time. 
 
 
3. TRIALS FOR A COMMERCIAL WI-FI POSITIONING SYSTEM 
 
3.1 Methodology 
 
The  Wi-Fi  positioning  system  chose  was  Skyhook  Wireless  Positioning  System  (WPS), 
commercialized by Skyhook, a Boston-based company. The reason of this choice is that first, 
WPS is very easy to deploy on mobile devices. Moreover, WPS does not require the user to 
do the survey of the area prior to positioning, as the database is built and maintained by 
Skyhook. In fact, Skyhook hires drivers to do their surveying work. They deploy a fleet of 
data collection vehicles to conduct a comprehensive access point survey within the targeted 
coverage areas. Skyhook’s architecture is designed so that all the calculations are made on 
Skyhook’s servers. When a user requires its location using Skyhook, the software scans the 
nearby access points and sends the results to Skyhook’s servers, so an Internet connection is 
required to use Skyhook. The server then processes this data and sends back the computed 
position to the user.  
 
The tests conducted here used an HTC Dream phone, and software developed at UNSW. The 
software  requested  positions  from  Skyhook’s  server  every  2  seconds,  for  a  period  of  3 
minutes at each test point. The test points used are the same as those used in the previous part.  
 
 
3.2 Results 
 
The data used in this part was collected on the 9
th and 10
th of May 2009, in the CBD area of 
Sydney. Table 3 shows the probability values for different given distance errors: 
  
  10 m  30 m  60 m  120 m 
PM 40209  3.09 %  12.37 %  81.44 %  100 % 
PM 77469  1.04 %  1.04 %  93.75 %  100 % 
PM 147017  1.14 %  1.14 %  67.81 %  94.25 % 
PM 147019  4.12 %  10.30 %  100 %  100% 
PM 147477  1.06 %  18.08 %  44.68 %  76.59 % 
PM 147479  1.03 %  14.43 %  77.31 %  97.93 % 
PM 150124  3.03 %  31.31 %  55.56 %  100 % 
PM 147009  5.15 %  49.48 %  75.25 %  94.84 % 
PM 150399  1.05 %  9.47 %  23.15 %  49.97 % 
PM 147489  27.83 %  74.22 %  93.81 %  100 % 
GLOBAL  4.85%  22.18%  71.28%  91% 
 
Table 3. Distance error to probability for Skyhook testings 
 
As you can see, Skyhook WPS has accuracies better than 120 meters most of the time, just 
like the previous algorithm. However, what is more interesting is that for nearly 80 % of the  
 
 
time, its error is above 30 meters whereas when using the GPS algorithm, the error is below 
30 meters for 60 % of the time. That means that combining the 2 satellites algorithm output 
with the Wi-Fi position will improve the Wi-Fi position most of the time, as we will show in 
the next part. 
 
 
4. WI-FI + GPS TRIALS 
 
4.1 Methodology 
 
In this part we combine a Wi-Fi position obtained by using Skyhook WPS and the output of 
the  algorithm  described  previously.  First,  simulations  were  made  using  the  rooftop  GPS 
antenna located in UNSW. For this part, as it wasn’t possible to physically go next to the 
antenna to request locations from Skyhook, a random error was applied to the Wi-Fi position. 
The characteristics of this error were deduced from investigations made in (Gallagher et al., 
2009). We chose a normal shaped error, with a mean of 51 meters, and standard deviation of 
30 meters, truncated to always be between 15 and 120 meters. For each line drawn, a Wi-Fi 
position was generated and then combined with the line. The distance between the Wi-Fi only 
position and the true position as well as between the combined position and the true position 
were computed and compared. The GPS data used was the one collected on the 14
th of July 
2009, previously used in Section 2 of this paper. 
 
Further trials were made in the CBD of Sydney. For these, the GPS and Wi-Fi data were 
collected at the same time, and at the same location, using the same equipment as described 
earlier. The data was collected on the 8
th and 9
th of May 2009. 
 
To combine both solutions, the simplest solution was chosen, i.e. an orthogonal projection of 
the Wi-Fi obtained position on the hyperbolic-spheroid intersection line. Figure 4 illustrates 
the method used: 
 
 
 
Figure 4. Output of the Wi-Fi + GPS algorithm, the two lines correspond to two different pair of 
satellites used  
 
 
4.2 Results 
 
4.2.1 University of New South Wales rooftop antenna 
 
Figure 5 shows probability according to the improvement of accuracy when switching from 
Wi-Fi only positioning to Wi-Fi + GPS positioning. Table 4 gives some particular values of 
Figure 5. For instance, you can see in Table 4 that the accuracy will improve 87.14 % of the 
time, or that using both technologies will improve it of more than 10.49 m 50% of the time: 
 
 
 
Figure 5. Probability vs. improvement in accuracy when combining. Simulations ran using the UNSW 
rooftop antenna. 
 
Minimum improvement in 
accuracy (meters) 
0  10  20  50  70  120 
Probability (%)  87.29  51.02  34.5  10.08  3.62  0.1 
 
Table 4. Probability to improvement in accuracy when combining, particular values. 
 
Another interesting thing to observe is the percentage of improvement between the Wi-Fi 
only  position  and  the  combined  position.  Indeed, there  would  be  no  use  to  implement  a 
system which would only increase the accuracy of a few meters if the Wi-Fi position is 300 
meters wrong for instance. We found that the mean percentage of improvement is of 33.7 %, 
with a standard deviation of 28.62 %. 
 
As you can see, the system seems interesting to use as it will improve accuracy nearly 90% of 
the time. Moreover, the average level of improvement is of a third of the distance error when 
using only Wi-Fi. These performances are very good when considering that the algorithm has 
no idea of the error of the Wi-Fi position, or of the distance between the line and the user. 
 
However, these results were obtained using a GPS antenna with a clear view of the sky, and 
simulated Wi-Fi positions. They need to be confirmed by experiments in urban canyons, the 
type of environment where this system would be the most used.  
 
 
4.2.2 Sydney downtown area 
 
Table 5 shows the probability according to the minimum improvement in accuracy reached 
when switching from Wi-Fi only to Wi-Fi + GPS. The same ten test points as in Sections 2 
and 3 were used: 
 
Minimum 
improvement 
in  accuracy 
(m) 
0  5  10  15  20  30 
PM 40209  100 %  60.81 %  32.25 %  11.84 %  0 %  0 % 
PM 77469  100 %  100 %  0 %  0 %  0 %  0 % 
PM 147017  100 %  28.57 %  27.14 %  27.14 %  0 %  0 % 
PM 147019  100 %  54.61 %  36.45 %  22.69 %  0 %  0 % 
PM 147477  100 %  66.67 %  66.03 %  3.14 %  0 %  0 % 
PM 147479  100 %  76.69 %  53.27 %  33.62 %  0 %  0 % 
PM 150124  100 %  45.11 %  41.84 %  10.33 %  0 %  0 % 
PM 147009  100 %  72.14 %  55.71 %  32.46 %  0 %  0 % 
PM 150399  100 %  48.15 %  29.85 %  12.47 %  0 %  0 % 
PM 147489  100 %  46.54 %  44.29 %  2.24 %  0 %  0 % 
GLOBAL  100 %  59.93 %  38.68 %  15.59 %  0 %  0 % 
 
Table 5. Probability to improvement in accuracy when combining, Sydney CBD data. 
 
As expected, the improvements are less  important when compared to the rooftop antenna 
results. This is due to the fact that the hyperbolic-spheroid intersection line is further apart 
from the user in urban canyon environment type, mostly because of multipath. However, we 
can still observe an improvement of 10 meters 40 % of the time, which is an interesting result. 
As in the previous part, we looked at the percentage of improvement between the two distance 
errors. Table 6 details these results for each test points: 
 
Test point  PM 40209  PM 77469  PM 147017  PM 147019  PM 147477 
Mean  41.27 %  49.33 %  26.77 %  42.63 %  46.59 % 
Std  23.22 %  0.09 %  41.22 %  32.03 %  32.81 % 
Test point  PM 147479  PM 150124  PM 147009  PM 150399  PM 147489 
Mean  54.97 %  34.43 %  51.39 %  31.82 %  34.57 % 
Std  32.38 %  31.11 %  33.05 %  30.70 %  24.65 % 
 
Table 6. Percentage of improvement obtained when switching to Wi-Fi + GPS 
 
As you can see, the results are satisfactory, with an average improvement in accuracy of 41.38 
% 
 
 
 
 
 
 
 
  
 
 
5. CONCLUSIONS 
 
An investigation was made on a method of combining a positioning algorithm using only two 
GPS  satellites  with  a  commercial  Wi-Fi  positioning  system.  The  results  have  shown  that 
combining  these  two  improves  the  performances  of  the  Wi-Fi  only  solution,  sometimes 
drastically, and most of the time enough to justify the extra cost and labour required when 
implementing the solution. Wi-Fi is also of a great help to the algorithm as it allows it to 
deliver a pin-pointed position, which cannot be delivered when using the algorithm only. 
However,  further  investigation  is  required.  First,  an  important thing  to  know  is  the  error 
committed by the GPS algorithm. Indeed, if the algorithm fails to deliver an accurate position, 
there is no need to combine it with the Wi-Fi position, as it will only degrade the global 
accuracy. Secondly, new methods must be investigated on combining a Wi-Fi position with 
GPS solutions regardless of the number of satellites in view. Indeed, due to the urban canyon 
environment geometry, even when 4 satellites are in view, it is likely that the DOP will be 
very high, and that the GPS position will be highly inaccurate. In these cases, Wi-Fi can help 
if efficient methods of combination are found. 
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